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bulges 
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Abstract We review the observed morphological, photometric, and kinematic prop¬ 
erties of boxy/peanut (B/P) shape bulges. Nearly half of the bulges in the nearby 
edge-on galaxies have these characteristics, which fraction is similar to the observed 
bar fraction in Hubble types earlier than Scd. B/P bulges are generally detected in 
the edge-on view, but it has been recently demonstrated that barlenses, which are 
lens-like structures embedded in bars, are the more face-on counterparts of the B/P 
bulges. Multi-component structural decompositions have shown that B/P/barlens 
structures are likely to account for most of the bulge light, including the early-type 
disks harboring most of the bulge mass in galaxies. These structures appear in bright 
galaxies, in a mass range near to the Milky Way mass. Also the other properties of 
these bulges, including morphology (X-shaped), kinematics (cylindrical rotation), 
or stellar populations (old), are similar to those observed in the Milky Way. Cool 
central disks are often embedded in the B/P/barlens bulges. Barred galaxies contain 
also dynamically hot classical bulges, but it is not yet clear to what extent they are 
really dynamically distinct structure components, and to what extent stars wrapped 
into the central regions of the galaxies during the formation and evolution of bars. 
If most of the bulge mass in the Milky Way mass galaxies in the nearby universe in¬ 
deed resides in the B/P-shape bulges, and not in the classical bulges, that idea needs 
to be integrated into the paradigm of galaxy formation. 
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1 Introduction 


Galaxies in the nearby universe have complex morphological structures and indeed 
the concept of the bulge depends strongly on how we define it. Bulges can be con¬ 
sidered simply as an excess flux above the disk, or they can be defined by detailed 
morphological, photometric, or kinematic properties. An important question is to 
what extent these central mass concentrations are associated to the early formative 
processes of galaxies, and h ow much are they mo dified via internal dynamical pro¬ 
cesses. Using the notation bv lAthanassoulal (l2005h bulges can be divided to classical 
bulges, disky pseudobulges, and boxy/peanut (B/P) bulges. Classical bulges are the 
most obvious imprints of galaxy formation at high redshifts, formed in some violent 
processes, followed by strong relaxation. They are structures supported by veloc¬ 
ity dispersion, and also have centrally peaked surface brightness profiles with high 
Sersic indexes. Pseudobulges are defined as structures formed by secular evolution¬ 
ary processesoutofthe_^k material. The concept of a pseudobulge was introduced 
by Kormend"^ ( 19821 1983) who defined them as flat structures in the central parts 
of the disks, having excess of light above the disk in the surface brightness profile. 
Pseudobulges were later extended to include also the vertically thick boxy/peanut 
bulges, generally associated to bars (Athanassoula 2005; many B/Ps show also X- 
shape morphology). Since then the flat central mass concentrations have been re¬ 
ferred as ’disky pseudobulges’. A division of pseudobulges to these two categories 
is important, because their observed properties are very different. 

The concept of a pseudobulge was created having in mind the relaxed universe 
where slow secular evolutionary processes are prevalent, not the early gas rich 
clumpy universe, or the universe where galaxy mergers dominate the evolution. 
However, it appears that similar internal mechanisms which take place in the lo¬ 
cal universe, like bar instabilities, can occur also at high redshifts, but in a much 
more rapid dynamical timescale. As discussed by Brooks & Christensen and by 
Bournaud in Section 6, at high redshifts also star formation and the different feed¬ 
back mechanisms are faster and more efficient. All this can lead to the formation 
of pseudobulges even at high redshifts, for which reason associating the different 
bulge types to a unique formative process of bulge is not straightforward. In spite 
of that the above definition of bulges may still be a good working hypothesis at all 
redshifts, and give useful insight to the theoretical models. 

This article reviews the observational properties of B/P bulges and also gives a 
historical perspective for the discovery of the phenomenon. The theoretical back¬ 
ground of the orbital families is given by Athanassoula in Section 6.3. We have the 
following questions in mind; (a) what is the observational evidence that B/P bulges 
are vertically thick inner parts of bars and what are the relative masses of the thin 
and thick bar components? (b) Are the B/P structures the only bulges in galaxies 
with this characteristic, or do the same galaxies have also small classical bulges 
embedded in the B/P bulges? (c) What is our understanding of this phenomenon 
both in the edge-on and in face-on views? Although the topic is B/P bulges, connec¬ 
tions are made also to other type of bulges if that is needed for understanding the 
phenomenon. Examples of boxy/peanut and X-shape bulges are shown in Figure 1. 
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The unsharp masks further illustrate the X-shape, which may appear weakly also in 
some bulges with apparent boxy appearance. 

An outstanding rece nt discovery of the Milky Way (discussed in Section 4) is 
that it harbors a boxy (Dwek, Arendt & Hauserl Il995h or even an X-shape bulge 
do & ShenlEoIllWegg & GerhardLl2013r cov ering most of the c entral mass con¬ 
centration in our Galaxy. In fact, the model by Shen et al. ( 201(lh which explains 
most of the observed properties of the Milky Way, does not have any classical bulge. 
We will discuss the observations which suggests that actually a large majority of the 
nearby galaxies in the Milky Way mass range might contain similar boxy or peanut 
shape bulges, where most of the bulge mass resides. 

Good prev i ous re view s of B/P bulges a re tho se by Combes & Sander^ ( 1981 ). 
Athanassoula ( 2005 ). and Debattista et al. ( 20061). Cr i tical p oints in the interpreta¬ 


tion 


of B/P bulges are given in the review by Grahaml ( 201 11) . 


2 Discovery of B/P bulges 


The earliest notion of boxy bulges goes as far as to 1959, when the Burbidges rec¬ 
ognized such a struc ture in NGC 128 , which galaxy w as later shown in the H ubble 
Atlas of Galaxies by Sandagel ( 1961 ). Some years later de Vaucouleuri ( 19741) paid 
attention to similar structures in some edge-on galaxies, at a time when bulges were 
generally thought to be like small ellipticals sitting in the middle of the disk. An 
interesting new explanation for the B/P bulges was given by Combes & Sanders in 
1981: using N-body simulations they showed that when stellar bars form in galactic 
disks, in the edge-on view they reveal boxy or peanut shapes, similar to those seen 
in real galaxies. Soon after that a com peting astrophysically in teresting explanation 
for the formation of B/Ps was given by Binnev & Petroul ( 19851) . who suggested that 
they might be formed by violent or soft merging of satellite galaxies. Support for 
the scenario by Combes & Sanders came from the observation that NGC 4565 and 
NGC 12 8, with obvious boxy bulges in morph ology, appeared to have cylindrical 
rotation dKormendv & IllingworthLri982lll983h . which means that the rotational ve¬ 
locity depends only little on the vertical height from the equatorial plane. Kormendy 
& Illingworth argued that cylindrical rotation might actually be a typical character- 
istic of boxy bulges, but not of elliptical galaxies. It is also worth mentioning that 
Bertola & Capacci^ ( 1977 ) had already shown that the bulge in NGC 128 is fast 
rotating and therefore cannot be dynamically hot. However, it is worth noticing that 
not all bars seen end-on are perfectly round prolate structures. 

After the first discoveries of B/P bulges in individual galaxies, systematic stu dies 
of B/Ps in galaxies seen in the edge -on view were carried out by Jarvis ( 19861) and 
Shaw, Dettmar & Barteldrees ( 1990l) . They suggested that B/Ps are concentrated to 
early-type disk galaxies (SO-Sab), and that peanuts are more common than boxy 
bulges, particularly in the late-type galaxies. They also showed evidence that galaxy 
environment (cluster/non-cluster, number of nearby companions) is not critical for 
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NGC 4565 (boxy) 
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NGC 3628 (X-shape) 
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Fig. 1 Examples of boxy (NGC 4565) and peanut (NGC 3628) shape bulges, using the 3.6;Um 
Spitzer space telescope images. Also shown are the unsharp mask images of the same galaxies, 
which in both galaxies show an X-shape morphology. The units of the x- and y-axis are in arcsec- 
onds. 




the formation of the B/P bulges. These observations sup ported the idea that the B/P - 
structures indeed form part of the bar as suggested bv ICombes & SandersI (Il98lh . 
However, this interpretation was not generally accepted at that time, p artly because 
also 20 % of the elliptical galaxies appeared to be boxy ( Lauei . 1985h . Bender et al.l 
( 19891) even speculated that boxy ellipticals might have a similar origin as the cylin- 
drically rotating bulges in disk galaxies. Anyway, as the fraction of galaxies in which 
B/Ps were identified was only ^ 20%, their exact interpretation would not signifi¬ 
cantly alter the estimated total mass fraction of classical bulges in the nearby uni¬ 
verse. 

This picture was changed by the studies of Dettmar & BarteldressI ( 1988h and 


Liitticke, Dettmar & PohlenI (l2000ah . based on more complete galaxy samples. In- 
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Fig. 2 Boxy/peanut bulges 
seen in the edge-on view 
in the simulation model by 
Athanassoula (2005, their 
figure 6): in the upper panel 
the line of sight is at 90° to 
the bar major axis, and in the 
lower panel the boxy/peanut 
is seen end-on. 








specting the isophotal contours of the galaxies they found that even 45% of all SO- 
Sd galaxies have B/Ps, which is already close to the fraction of barred galaxies: the 
somewhat larger number of detected bars (~50-60%) could be easily understood by 
the aspect angle of the bar. Namely, bars seen end-on view (along the bar major axis) 
would look like round structures, similar to the classical bulges (see the simulation 
m odel by Athanassoula 2005 in Fig. 2 ). 


Lutticke. Pohlen & Dettmar ( 20041) discovered also a new category of B/P bulges, 


the so called ’thick boxy bulges’. Such bulges (see Fig. 3) are thought to be too ex¬ 
tended to form part of the bar, and they also show asymmetries, or signs of recent 
mergers, which all means that they are not dynamically settled. Although they form 
only a minority of all B/Ps, they indicate that B/P bulges are not a uniform group 
of structures. In fact, in the prototype galaxy of ’thick boxy bulges’, NGC 1055 
( Shawl 1993h . the bulge looks very much like a thick disk. This boxy bulge is ro¬ 
tating cylindrically, even in those regions of the observed light distribution where 
the bulge appears neither boxy nor peanut. Such rotation would be natural even if 
that structure were interpreted as a thick disk. This interpretation would be interest¬ 
ing, because in that case in traditional terms that galaxy ba rely has a bulge. In some 


galaxies even X-shape is visible in the ’thick boxy bulge’ (IPohlen et al.L 120041) . 


3 Properties of the B/P bulges in the edge-on view 


It was clear that more detailed analysis of the individual galaxies were needed, either 
to prove or disprove the possible bar origin of the B/P bulges. Such observations. 
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Fig. 3 NGC 1055, as an example of a thick boxy bulge. Shown is the 3.6/im Spitzer space tele¬ 
scope image in two different flux scales. 


NGC 1055 (disk, 3.6^m) 
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particularly in the near-IR, where the obscuring effects of dust are minimal, were 
carried out by several groups. The observations were also compared with the pre¬ 
dictions of the simulation models. 


3.1 Direct images 


Morphology of the B/P-structures was systematically studied in the near-IR by 
Liitticke, Dettmar & Pohlen ( 2000bl) . They were able to show that a large major¬ 
ity of these structures can be associated with bars. In particular, they emphasized 
that the B/Ps are not just thick bars, but a combination of the vertically thick 
inner part of the bar, and a central bulge formed differently. They showed that 
the degree of the boxiness varies with the aspect angle of the bar, e.g. the bulge 
size normalized with barlength correlates with the level of boxiness of the bulge. 
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These results were consis tent with the predictions of the simulation models by 
Pfenniger^Rie^ ( 199lh. and they have been later confirmed by other simulations 


( Patsis, Skokos & Athanassoula , 2002: Martinez-Valpuesta. Shlosman & Heller , 20061 : 


Athanassoula & Misioritisl 2002 ; Debattista et al. , 2005 ). Liitticke, Dettmar & Pohlen 
also measured the vertical thickness of the B/P, both in respect of barlength, and the 
size of the bulge (e.g. the size of the region with extra light above the exponential 
disk), in agreement with the predictions of the simulation models. The measured 
size of the B/P, normalized to barlength was ^0.4, again in good agreement with 
the simulation models by Pfenniger & Friedli. Two possible explanations f or the 
small central bulges were speculated by Liitticke, Dettmar & Pohlen ( 2000bh : they 
could be associated to the primordial bulges (i.e., ’classical bulges’), or to the Inner 
Lindblad Resonance of the bar where a burst of star formation increases the mass 
concentrat i on (i.e ., ’disky pseudobulges’). This idea has been recently renovated by 
Cole et al. ( 2014 ). 


3.2 Unsharp masks 


The B/P bulges have been studied by lAronica et al.l (l2003h using unsharp mask 
images, which emphasize the sharp features that might appear in galaxies. They 
pointed out local surface brightness enhancements along the bar major axis on both 
sides of the bar, which enhancements appeared also in their simulation model af¬ 
ter the bar had buckled. To illustrate this in Figure 4 (upper panel) a comparison is 
made between a simulation model and the bar in ESO 443-042 observed at 3.6 jim. 
In the same figure we show also a typical barred early-type galaxy, NGC 936, in 
almost face-on view. Also this galaxy has flux enhancements at the two ends of the 
bar, and it is tempting to argue that they are the same features as in ESO 443-042. 
We will come into this issue later. 

Unsharp masks were used to study the B/P bulges also by Bureau et al. (2006), 
but now using a larger sample of 30 galaxies. In fact, in the study by Bureau et al. 
all the most important morphological characteristics of the B/P/X-shape structures 
for the edge-on galaxies are summarized, and are collected to our Eigures 4 and 5: 


(a) Secondary maximum appears along the bar major axis (upper row in Eig. 4), 
as discussed also by Aronica et al. (2003; see also Patsis, Skokos & Athanassoula, 
their Pig. 5e). 


(b) The X-shapes can be centered or non-centered, e.g. the X-shape either crosses 
or does not cross the galaxy center (IC 2531 and NGC 4710 in Pig. 4). 


(c) Minor-axis extremum appears (NGC 1381 in Pig. 4), e.g., there is a rather 
narrow and elongated local maximum in the surface brightness profile along the 
minor axis near the galaxy center. 
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NGC 1381 (minor axis extremum) 
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NGC 4710 (non-centered X) 
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Fig. 4 The upper panel shows the Spitzer 3.6^m images for two galaxies with vertically thick in¬ 
ner bar components. For the edge-on galaxy ESO 443-042 it has an X-shape morphology, whereas 
in NGC 936 it appears as a barlens. Also shown is a simulation model (the same as in Fig. 10) in 
which the bar has buckled in the vertical direction. The contours denote the unsharp masks of the 
same images: blue highlights the brightest regions and red color the X-shapes. The lowe r panels 
show different X-shape morphologies in the edge-on view, taken from iBureau et al.l i2006h . 


(d) Spiral arms start from the two ends of the B/P (lower left panel in Fig. 5), 
e.g., symmetric, narrow, and elongated features appear, which on the two sides of 
the B/P are shifted with each other. 
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NG’C 5377 (low inclination spurs) 



NGC 6722 (edge-on spurs) 




Fig. 5 Examples of barred galaxies with B/P-shape bulges at different viewing angles are shown. 
NGC 5377 shows isophotes from an archival Spitzer IRACl (3.6jum) image, and NGC 6722 is 
an unsharp mask of the K-band image. NGC 5377 has an inclination of 59°, whereas NGC 6722 
is almost edge-on. The broad, nearly rectangular region in NGC 5377 is the boxy bulge, and the 
“spurs” projecting outside makes the outer part of the bar. As an inclination effect, in both galaxies 
the “spurs” or “spiral like features”, are twisted in respect to each other. Arrows mark their position 
angles, while the dotted line is the nodal line of the galaxy disk. Note how the position angle of 
the vertically thick boxy part falls between the position angles of the bar and the disk . Right 
panels show our simulations for a buckled bar (major axis makes and 35 degree angle with respect 
to nodal line), seen at different inclinations. The contours show the isophotes at different surface 
brightnesses, highlighting the inner and outer parts of the bar. 


The first two features are typical for the B/P bulges. According to lBureau et al 


( 2006h even 88% of the galaxies with B/Ps have a secondary maximum along the 
bar major axis (in comparison to 33% in their control sample). Also, 50% and 38% 
of the B/P bulges have off-centered and centered X-shapes, respectively (in 33% in 
their control sample with no B/P structures). These features, as well as the minor- 
axis ex tremum, have been predicted also by the simulation models bv lAthanassoula 
( 2005h . Whether the X-shape is centered or not, in the models depends on the az¬ 
imuthal angle of the bar: when viewed side-on the four branches of the X-feature 
do not cross the center. However, for the centered X-shapes other explanations, like 
those related to galaxy interactions, have also been sugg ested dBinnev & Petrou . 
1985 : Hernauist & Quinn . 1988 : Whitmore & Belli 1988 ). Altogether, these com- 
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parisons showed that the most important characteristics in the morphology of the 
B/P bulges can be explained by bars. 

Conc erning the spiral arm s, an overabundance in galaxies with B/P bulges was 
found by Bureau et al. ( 20061) . As a natural explanation for that they suggested that 
the spiral arms are driven by bars, which is indeed predicted also by the dynam¬ 
ical models. However, it has not been convincingly shown how extended the bar 
driven spiral arms actually are (see Salo et al. . 201ol) . In fact, looking at the images 
shown by Bureau et al. the structu res that they call as spiral arms are very similar 
to the features called as ’spurs’ by Erwin & Debattist3 ( 2013h in their recent study 
of more face-on barred galaxies (see upper left panel in Fig. 5). The ’spurs’ can be 
understood as a combination of galaxy inclination, and the fact that the inner and 
outer parts of the bar have different vertical thicknesses. When the galaxy is not 
perfectly edge-on and the major axis of the bar makes an angle with respect of the 
nodal line, ’spurs’ appear to be offset with respect to the major axis of the interior 
isophotes associated with the boxy bulge (see Fig. 5, middle right panel in our sim¬ 
ulations). Using the words by Erwin & Debattista, “in an inclined galaxy projection 
of the B/P creates boxy isophotes which are tilted closer to the line of nodes than 
are the isophotes due to the projection of the other, flat part of the bar, which form 
the spurs”. Taking into account that not all galaxies in the sample by Bureau et al. 
are perfectly edge-on, in the two studies we are obviously speaking about the same 
ph enomenon. _ 

Futticke, Dettmar & Pohleril ( 2000bl) left open the interpretation of the central 


peaks in the surface brightness profiles of the B/P bulges. However. iBureau et al 


( 20061) take a stronger view stressing that even the central surface brightnesses can 
be explained by the processes related to the formation and evolution of bars. They 
argue that classical bulges are not needed to explain their observations. As a sup¬ 
port for this interpretation Bureau et al. showed that the surface brightness is more 
pronounced along the bar major axis than in the azimuthally averaged brightness, 
which was suggested to mean that most of the material at high vertical distances be¬ 
longs to the B/P. In their view the steep inner peak in the surface brightness profile 
belongs to a flat concentrated inner disk (i.e., a ’disky pseudobulge’ in our nota¬ 
tion). Alternatively, the central peak belongs to the bar, formed as an inward push 
of the disk material when the bar was formed. In principle the colors would distin¬ 
guish between these alternatives, but in the edge-on galaxies the central regions are 
contaminated by dust and stellar populations of the outer disk. 


3.3 Structural decompositions 


Two edge-on galaxies with B/P bulges, NGC 4565 and NGC 5746, have b e en de¬ 
co mposed into multiple structure components by Kormendv & Barentine ( 201^ 
and Barentine & Kormendv! ( 2012 ). In the classification by Buta et al. (2015) the 
Hubble types of these galaxies are SB;c(r)ab sp, and (R’)SBj:(r,nd)0/a sp. In direct 
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infrared images the bulges in both galaxies clearly have boxy or even X-shape mor¬ 
phology. The surface brightness profiles were decomposed into an exponential disk, 
and two bulges (a ’boxy bulge’ and a ’disky pseudobulge’) fitted with separate Sersic 
functions. In both galaxies the boxy bulges were assumed to be bars seen in nearly 
end-on view. For NGC 5746 there is also kinematic evidence for this interpretation, 
manifested as a ’figure-of-eight’ line-of-sight velocity distribution, typical for boxy 
bars, which characteristic will be discussed in more detail in the next section. 

An interesting outcome of these decompositions is that most of the bulge mass 
in these massive early-type disk galaxies resides in the boxy bulge. In NGC 4565 
the boxy bulge-to-total mass ratio Bboxy/T ^0.4, and Bdisky/T ^0.06 (i.e., a ’disky 
pseudobulge’ in our notation). The 3.6 and 8/fm images and the decomposition for 
this galaxy are shown in Figure 6. Both type of bulges are nearly exponential, along 
the major axis and perpendicular to that. A m ore simple decomposition for the same 
galaxy by Simien & de Vaucouleurs (Il986h . fitting only one de Vaucouleurs bulge 
(n=4) and an exponential disk, leads to B/T=0A, which clearly corresponds to that 
obtained for the ’boxy bulge’ by Kormendy &. Barentine. Although the relative mass 
of bulge is practically the same in these two decompositions, the interpretation from 
the point of view of galaxy formation is totally different. This is one of those cases 
where the simple decomposition approach finds a classical bulge, although most of 
the bulge flux actually belongs to a boxy bar component. A key issue in the structural 
decompositions is that when there is a central peak in the surface brightness profile, 
and the various components of the disk are not fitted separately, leads to a massive 
bulge with large Sersic index, typical for classical bulges. 

Although a systematic study of the decompositions for B/P bulges seen in the 
edge-on view is still needed, the above discussed decompositions have already 
shown that there exist massive early-type spiral galaxies which have no classical 
bulges. Or, at least it is not self-evident how these tiny exponential central bulges 
should be interpreted. 


3.4 Diagnostics of bars in gas and stellar kinematics 


Although the B/P morphology can be easily recognized in the edge-on view, in most 
cases the images alone cannot tell whether those structures indeed form part of the 
bar or not. Bars in the edge-on view can be easily mixed with rings or lenses. Since 
the components might have different velocity dispersions which can be hotter than 
the underlying disk, kinematic tools to identify bars are important. 

One such tool suggested by Kuijken & Merrifield (1995, see also Vega Beltran et 
al. 1997), is the ’figure-of-eight’ structure in the line-of-sight velocity distribution 
(LOSVD) of galaxies, derived from the emission or absorption lines. It is based on 
the idea that the LOSVD has two peaks, one due to particles traveling in bar-related 
stellar orbits faster than the local circular velocity, and particles that travel more 
slowly than that. Variations in these velocities then form the ’figure-of-eight’ in the 
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NGC 4565 (boxy bulge) 3.6|j.m 


disky pseudobulge and ring 8pm 




Fig. 6 Spitzer/IRAC 3.6pm and 8pm images of NGC 4565 (upper and middle panels) shown 
to emphasize the boxy bulge, the ring and the tiny central pseudobulge. The lower panel shows 
a composite minor axis surface brightness profile made of the 3.6pm image (brown points), and 
the Hubble space telescope image at F160W band (red points). The central pseudobulge and the 
boxy bulge are fitted with Sersic functions and the outer structure with an exponential function. 
The solid lin e is the sum of the components . The nucleus is not fitted. With permission the figure 
is taken from iKormendv & Barentiiia (20101) . 


diagram where the velocity is shown as a function of galaxy radius (see Fig. 7). A 
good correspondence of these observations with t he pre dictions of the simulation 


models was obtained by lAthanassoula & Bureau 


clear that this method works only for strong bars (iBureau & AthanassoulaLl2005l) . 


( 1999h. but soon it also becam e 


The diagnostic tools were further developed by Chung & Bureau (2004, see 
also the review by Athanassoula 2005), with the main emphasis to distinguish, not 
only bars in general, but also the B/P bulges within the bars. The identification is 
based on inspection of the velocity (Vrot), the stellar velocity dispersion (cr), and 
the third and forth terms of the G auss-Hermite parameters along the major axis (see 
Bender. Saglia & Gerhardl 19941) . which measure the asymmetric (hj) and symmet¬ 


ric {I 14 ) deviations of the LOSVD from a pure Gaussian. The parameter is ex- 
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Fig. 7 The upper panel shows the K-band image of NGC 5746, and the lower panel the ionized 
gas [NIIJ6584 emission line position velocity diag ram taken along the major axis. With permission 
the figure is taken from iBureau & FreemanI l ll999h . 


peeled to be a good tracer of the triaxiality of the bulge. The main diagnostics of 
bars with B/P bulges are shown in Figure 8. They show ’double humped’ rotation 
curves, flat-top or weakly peaked cr-profile, and that /i 3 -profile correlates with Vmt 
over the projected bar length. A lso /ta-profile, although b eing a weaker indice, shows 
central and secondary minima. Chung & Bureau ( 20041) studied 30 edge-on spirals 
(24 with B/Ps) and showed that even 90% of them showed kinematic signatures of 
bars. Not only bars were identified, but also the edges of the B/Ps were recognized 
in the /z 3 -profiles. A large fraction (40%) of those galaxies also showed a drop in 
the central velocity dispersion, being a manifestation of a dynamically cold central 
component. 


4 Detection and properties of B/P-shape bulges in face-on 
systems 


In face-on view the problem is the opposite: bars are easy to recognize in the im¬ 
ages, but the B/P/X-shape structures, which are assumed to be thick in the vertical 
direction, presumably disappear in the face-on view. In fact, excluding the edge-on 
galaxies, the B/P-shape structures were expected to be visible only in a narrow range 
of galaxy inclinations near to the edge-on view. Nevertheless, using the words by 
Kormendv & Barentinel ( 201^ : “as long as face-on and edge-on galaxies appear to 
show physical differences we cannot be sure that we understand them.” 
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Fig. 8 Schematic view of the main diagnostic tools to identify bars and B/P bulges. Shown are 
the radial profiles of the rotation velocity Vrot, the stellar velocity dispersion f7, and third Gauss- 
Hermite moment parameter h 3 . The vertical dashed lines indicate the radii of the central disk 
pseudobulge (ri), b oxy bulge (r 2 ) and the whole bar (r 3 ). With permission the figure is taken from 
iBureau et al.l i2006h . 


4.1 Isophotal analysis 


Isophotal analysis of the image contours has actually appeared to be a powerful tool 
to identify B/Ps in moderately inclined galaxies. This has been shown in a clear 
manner bv iBeaton et al.l (l2007h for M31 (see also Athanassoula & Beaton 2006 for 
simulations), which galaxy has an inclination of 77.5°. The main idea is to fit ellipses 
to isophotes, and to measure the deviations from the elliptical shapes. The sine (A 4 ) 
and cosine (B 4 ) terms of the Fourier series measure the boxiness and diskiness of 
the isophotes (see Fig. 9). In the boxy region B 4 is positive and A 4 is negative. 
Characteristic for the boxy region is also that the ellipticity increases towards the 
edge. On the other hand, the position angle is maintained constant throughout the 
bar region, at least for strong bars. The image of M31 is not shown here, but it 
would look very much like NGC 5377 in our Figure 5, which galaxy has boxy inner 
isophotes associated to the boxy bulge, and ’spurs’ associated to the more elongated 
part of the bar. 


A s imilar analysis for a larger number of galaxies has been made bv lErwin & Debattista 
( 2013h . They studied 78 barred SO-Sb galaxies, covering a large range of galaxy 
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inclinations. The leading idea in their study was to find out an optimal range 
of galaxy inclinations (i<45°) and the bar’s position angles from the nodal line 
for the detection of B/P. Using a small parameter space they were able to study 
galaxies in which both the B/P bulge and the large scale bar could be identi¬ 
fied in the same galaxies. This allowed also a more reliable estimate for the rel¬ 
ative size of the B/P-structure (/?boxy//^bar 0.4), w hich appeared to be simi¬ 
lar to that predicted by the simulation models of bars (iPfenniger & Friedlil Il991 


Athanassoula & M isioritisl 2002: Debattista e t al.[l2005 ). and is also similar to those 
obtained bv lLiitticke, Dettmar & PohlenI ( 2000bh in observations. Also, extrapolat¬ 
ing the number statistics of B/P bulges found in the ideal range of all bar/disk 
orientations and galaxy inclinations, they estimated that even 2/3 of bars might 
have B/P bulges. Taking into account that a certain fraction of bars at all inclina- 
tions must be end-on, this fraction is not far away from the suggestion made by 
Lutticke, Dettmar & PohlenI ( 2000b ) that all bars might have B/P structures. How¬ 
ever, the extrapolation made by Erwin & Debattista for making their prediction is 
based only on a few galaxies with identified bars and B/P structures in the same 
galaxies. 


A large majority of bars in the sample bv lErwin & Debattistal (12013h have boxy, 
rather than peanut-shape isophotes. A given explanation was that in the central re¬ 
gions of the B/P-structures there exist extra inner disks or compact bulges, which 
smooth out the peanut shape. In fact, the basic assumption in all the morphologi¬ 
cal and isophotal analysis of the B/P bulges discussed above is that the vertically 
thick inner parts of bars have either boxy or peanut shapes. However, based on the 
simulation models by Athanassoula et al. (2014) that is not necessarily the case in 
the face-on view where they can appear fairly round. In fact, the orbits populating 
the bars might have more complic ated structures than just regu lar orbits around 3D 
bar-supporting periodic orbits (see lPatsis & Katsanikasll2014al) . 


4.2 Properties ofbarlenses 


A different approach was taken by iLaurikainen et al.l (1201 Ih who identified dis¬ 
tinct morphological structures called barlenses, in a sample of ^200 early-type disk 
galaxies (NIRSOS atlas), observed at fairly low galaxy inclinations (/ < 65°). Bar- 
lenses were recognized as lens-like structures embedded in bars, covering typically 
half of the barlength. In distinction to nuclear lenses they are much larger, and com¬ 
pared to classical bulges the su rface brightness d i stribut ion dec reases much faster 
at the edge of the structure. In Laurikainen et al.l ( 2011 ) and in Buta et all ( 2015 ) 
barlenses have been coded into the classification. These structures (though not yet 
called as such) were decomposed with a flat Eerrers function in many SOs already by 
Laurikainen. Salo & Buta ( 2005h. This kind of decomp ositions were summarized in 
Laurikainen et al.l (l2010h . In ILaurikainen et al.l (l2007h it was speculated that such 
inner lens-like structures might actually be the face-on views of the vertically thick 
B/P bulges. If barlenses indeed are physically the same phenomenon as the B/P 
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Fig. 9 Isophotal analysis of M31 which galaxy has a hoxy bulge. Radial profiles (in arcseconds) of 
the ellipticities and position angles of the isophotes are shown in the two lower panels. The upper 
panels show the sine (A 4 ) and cosine (Bn) terms of the Fourier series of the same isophotes. Shown 
separately are the measurements in J, H and K-band bands. The regions covering the near-nuclear 
bulge (’disky pseudobulge’ in our notation), boxy bulge, and inner disk (equiv alent to ’spurs’ in ou r 
Figure 5) are shown by dotted lines. With permission the figure is taken from iBeaton et al.l i2007h . 


bulges, that would make possible to have a consistent view of the relative masses of 
the classical and pseudobulges at all galaxy inclinations. 

Two prototypical barlens galaxies, NGC 936 and NGC 4314, are shown in Fig¬ 
ures 4 and 10. In the images barlenses can be easily mixed with the classical bulges. 
However, in the surface brightness profiles barlenses appear as nearly exponential. 
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flat sub-sections, both along the major and the minor axis of the bar. Characteris¬ 
tic morphological features for barlens galaxies are the ansae (or handles), which 
appear at the two ends of the bar (see NGC 936 in Fig. 4). It has been shown 


(ILaurikainen et al.L 120131) that even half of the barlenses are embedded in that kind 


of bars. In Section 3.2 we discussed that such flux enhancements are produced also 
in galaxy simulations, at the same time when the bar buckles in the vertical direc¬ 
tion. This can be considered as further indirect evidence supporting the idea that bar- 
lenses indeed form part of a buckled bar. The unsharp mask image of NGC 4314 also 
shows a structure connecting the barlens to the more el ongated part of the bar (see 
Fig. 10). Using the measurements in the NIRSOS atlas lAthanassoula et al.l (120141) 
showed that, in resp ect of the bar, barlenses have very s imil ar sizes as obtained 
for the B/P bulges by Liitticke, Dettmar & Pohlen ( 2000lj) and Erwin & Debattista 
(l2013h . 

Morphological structures similar to the observed barle nses are produced by N- 


body a nd s moothed particle hydrodyn amical simulations bv lAthanassoula, Machado & Rodionov 


( 2013h . In Athanassoula et al. ( 20141) more comparisons between the observations 
and models are shown. In their models barlenses appear in the face-on view with¬ 
out invoking any spheroidal bulge components in the initial models. An example 
of a barlens in such simulation model, seen both in the edge-on and face-on views, 
is shown in Figure 10 (two lower left panels). Recent orbital analysis of bars by 
Patsis & Katsanik^ ( 2014bl) have shown that “sticky chaotic” orbits, building parts 


of bars can appear at high vertical distances in such a manner that when seen in the 
face-on view they form a boxy inner structure inside the bar (their fig. 8). These bar 
orbits might be the ones associated to barlenses in some cases. Whether also the 
X-shape is visible inside the boxy component depends on the specific combination 
of the orbital families of bars. 


4.3 Barlenses - the face-on counterparts of B/P bulges 


If barlenses and B/P/X-shape bulges indeed were physically the same phenomenon, 
just seen at different viewing angles, we should see that in the number statis- 
tics in a representative sample of nearby galaxies. That has been looked at by 
Laurikainen et al. ( 20141) using a sample of 2465 nearby galaxies at 3.6/imor 2.2/rm 


wavelengths, covering all Hubble types and galaxy inclinations (a combination of 
NIRSOS, and the Spitzer Survey of Stellar Structure of galaxies S^G). In order to 
find out all the X-shape structures unsharp masks were done for all these galaxies, in 
a similar manner as was done previously by Bureau et al.l ( 2006h for a representative 
sa mple of edge-on g alaxi es. Barlenses were recogn ized in the galaxy classifications 
of Buta et al. ( 2015 ) and Laurikainen et al.l ( 201 ih . Remarkably, the apparent axial 
ratios of the galaxies with barlenses and X-shape structures are consistent with a sin¬ 
gle population viewed from random orientations (Fig. 11, upper panel). Although 
barlenses appear in less inclined galaxies, there is a large overlap in their parent 
galaxy inclinations, compared to those with X-shape structures. The parent galaxies 
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of barlenses and X-shape structures have similar distributions of total stellar mass 
(Fig. 11, lower panel), and also similar red colors. It is worth noticing that the peak 
in the mass distribution of these galaxies appears at the Milky Way mass. There are 
also similarities in the kinematics of barlenses and X-shape structures, which will 
be discussed in Section 4.5. 

It appears that among the SOs and early-type spirals even half of the barred galax¬ 
ies have either a barlens or an X-shape structure, and ^30% if also the non-barred 
galaxies are included in the statistics ([ Laurikainen et ak . 20141). This is n ot much 
less than the 45% of B/Ps found by Liitticke, Dettmar & Pohlen ( 2000ah among 
the edge-on galaxies in the same morphological type bin. The slightly lower B/P 
fraction by Laurikainen et al. can be explained by the fact that limiting to X-shape 
structures, most proba bly they picked up on ly the strong bars where the X-shapes 
are more pronounced (lAthanassoulal 120051) . As Liitticke, Dettmar & Pohlen did 
not use any unsharp masks we don’t know how many of the galaxies in their sam¬ 
ple actually have X-shape structures. Most probably not all of them, because boxy 
isophotes can be identified in the edge-on view eve n if the bulges have no X-shap es. 
Fractions of B/Ps has been recently studied also by Yoshino & Yamaudiil ( 20141) in 
a sample of 1700 edge-on galaxies in the optical region. In order to identify bars a 
comparison sample of 2600 more face-on galaxies was used. It was then assumed 
that the bar fraction is the same among the edge-on galaxies. They found that B/Ps 
appear in 20% of the galaxies, which fraction is much lower than the 45% found by 
Liitticke. Dettmar & PohlerJ ( 2000a ). Flowever, according to Yoshino & Yamauchi 


the fraction of B/Ps they found is very similar to that obtained by Liitticke, Dettmar 
& Pohlen if the weakest category of B/Ps by Liitticke et al. is omitted. 


4.4 Structural decompositions 


The assumption that barlenses and B/P bulges are physically the same phenomenon 
allows us to estimate the relative masses of these components, since this can be 
done in a fairly reliable manner at moderate galaxy inclinations (i < 65°) us¬ 
ing multi-component decompositions. When the inclination of the disk increases, 
the reliability of these mass e stimates rapidly decreases. The decompositions of 
Barentine & Kormendvl ( 2012 ) discussed earlier were made to one-dimensional sur¬ 
face brightness profiles, which is indeed a reasonable approach for the galaxies in 
the edge-on view. However, applying a similar approach in a more face-on view, 
in particular when the bar has two components, would dilute the non-axisymmetric 
structure components, which would appear as one big bulge in the average surface 
brightness profile (in terms of the flux above the disk). A better approach is to fit the 
two-dimensional flux distributions of the galaxies. 

Examples of the decompositions using a two-dimensional approach and fitting 
the two bar component s separately, allow i ng als o the parameters of the B/P/barlens 
to vary, are taken from iLaurikainen et al.l ( 2014 ). They used the 3.6/im Spitzer im¬ 
ages to decompose 29 nearby galaxies having either a barlens or an X-shape struc- 
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Fig. 10 An example of a barlens galaxy NGC 4314, showing the Kj-band image from Laurikainen 
et al. (2011; upper left panel) and the unsharp mask image of that (upper right panel). The surface 
brightness profiles along the bar major (black symbols) and minor axis (red symbols) is also shown. 
The lower left panel shows the sim ulation model gtiT 15 from lAthanassoula. Machado & Rodionov! 
i2013h : lAthanassoula et aO ^203), both in the face-on and edge-on view. The simulation model 
profiles are shown by solid lines in the profile plot. Axis labels are in arcseconds in all panels. 
With permission the figure is taken from iLaurikainen et al.l | |2014|) . 


lure. The bulges (i.e., the central mass concentrations) and disks were fitted with a 
Sersic function, whereas the two bar components were fitted either using a Ferrers 
or a Sersic function. Representative examples of these decompositions are shown in 
Figure 12. It appeared that the relative fluxes of barlenses and X-shape bulges form 
on average even 10-20% of the total galaxy flux, in comparison to ~10% in the 
central bulges (i.e., a ’disky pseudobulges’). In IC 5240 (Sa) the only bulge seems 
to be the X-shaped bar component. On the other hand, NGC 4643 (S0+) might 
have also a small central bulge embedded in the barlens. Looking at the surface 
brightness profile alone we don’t know for sure whether the central peak is really 
a distinct bulge component, or is it rather formed of the same material as the rest 
of the bar, at the epoch of bar formation. The Sersic index of the central compo- 
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Fig. 11 The distributions of (a) galaxy minor-to-major (f)/a) axis ratios and (b) total stellar masses 
(in units of solar masses) of the galaxies, hosting either barlens (red) or X-shape structures (green). 
In these plots a magnitude-limited {Bj <12.5 mag) sub-sample of 365 barred galaxies in a com¬ 
bined S^G and NIRSOS is used. The grey dashed and dotted lines show the barlens and X-shapes 
structures, in the magnitude-limited sample and the complete S^G, respectively. 


nent is ii=Q.l indicating that it is not a classical bulge. One possibility is that it is a 
manifestation of an old pseudobulge formed at high redshift, composed of old stars. 
Th at kind of pseudobu lges form in the hydrodynamical cosmological simulations 
by Guedes et al. ( 2013h . via a combination of disk instabilities and minor mergers. 

If the B/P bulges (i.e., the barlenses or X-shape structures in the above de¬ 
compositions) are omitted in the decompositions that would dramatically affect 
the obtained relative masses of the classical bulges. In the early-type disk galax- 
ies the deduced central bulge will increase from 10% to 35% in the sample by 
Laurikainen et al.l ( 2014I) . the value 35% being consistent with the previous more 


simple bulge/disk/bar decompositions (Gadotti 2009, Weinzirl et al. 2009; see also 
the more simple decompositions by Laurikainen et al. 2006). In section 3.3 we dis¬ 
cussed an edge-on galaxy, NGC 4565, for which galaxy the same happens when the 
simple and more detailed decompositions are compared. 

We ca n compare th e decom positions by Laurikainen et al. ( 2014h with those ob¬ 
tained by Erwin et al. ( 2003h for NGC 2787 and NGC 3945. Using a completely 
different decomposition approach they ended up with similar small relative masses 
for the central bulges in these t wo galaxies, just differen t names were used for 
the bulges. What is a barlens in iLaurikainen et al.l (120141) . is called as an “inner 
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Fig. 12 Decomposition models for the barlens and X-shaped galaxies NGC 4643 and IC 5240, 
which are barred galaxies with Hubble stages S0+ and Sa, respectively. The unshaip mask images 
are shown in the small inserts in the upper comers. Black dots are the pixel values of the two- 
dimensional flux-calibrated 3.6^lm Spitzer images, and white dots show the pixel values of the 
total decomposition models. Red and green dots show the bulge and the disk components, whereas 
the dark and light blue indicate the thin and thick bar (i.e., the barlens and X-shape stmcture) 
components. With permission the figure is taken from iLaurikainen et al.l i2014h . 


disk” by Erwin et al., which disks are a magnitude larger than the central classical 


Iges, mamtested as peaks in tne surface brightness prohles. aimilar ap proach as 
Erwih et al. ( 20031) has beeh recehtly takeh also bv lErwih et al. ( 2015 ) for addi- 
tiohal seveh barred early-type galaxies, but how callihg the “ihuer disks” as “disky 
pseudobulges”. They ideutified boxy isophotes o hly ih oue of those galax ies, but 
mauy of them are classified as havihg a barleus by Laurikaiueu et al. ( 201 ll) . 

The small ceutral bulges ih barred galaxies with B/P bulges are ihdeed ihtriguihg, 
ahd the obtai ued uature of tho s e bulg es depeuds oh how the y are ihterpreted. As 
discus sed by IChuug & Bureaul (l2004l) . aud more recehtly by iMehdez-Abreu et al 


(120141) . cool disk compohehts mahifestihg as huclear rihgs or spiral arms, are ofteh 
embedded ih the B/P bulges. Ah example of a barlehs galaxy with similar charac¬ 
teristics is NGC 4314, showihg a star formihg huclear rihg ihside the boxy bulge. 
However, at least ih the hear-lR these cehtral cool compohehts are expected to coh- 
tribute very little ih the surface brightuess profiles. 


4.5 Diagnostics of B/P bulges of stellar kinematics 


Usihg simulatioh mo dels au attempt to ide utify B/P structures ih more face-oh 
galaxies was dohe by Debattista et al. ( 2005h . The diaghostics largely relies oh the 
ahalysis of the forth-order Gauss-Hermite momeht, /14 alohg the bar major axis. A 
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Fig. 13 Morphology and 
stellar kinematics of NGC 
98. The top panel shows the 
I-band image, where the slit 
position and image orienta¬ 
tion are also indicated. The 
inset shows the portion of the 
galaxy image marked with 
a white box. The the pan¬ 
els show from top to bottom 
the radial profiles of surface 
brightness, broadening pa¬ 
rameter B, forth (/ta) and third 
(/t 3 ) moments of the Gauss- 
Hermite series, line-of-sight 
velocity dispersion (cf/oj), and 
the stellar velocity v. The 
two vertical lines indicate the 
location of the hi minima 
associated with the B/P region 
in NGC 98. The figur e is from 

iMendez Abreu et S]i2008h . 
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B/P bulge is recognized as negative double minima in the /t 4 -profile. These minima 
appear because the vertical velocity distribution of stars becomes broader, for which 
reason hi is a good proxy for the unobservable vertical density distribution. How¬ 
ever, in spite of the smart idea, t his method has been applied only for a few galaxies 
with B/P bulges, like NGC 98 ( Mendez-Abreu et'dl boosi) . The reason is that the 
observations are very demanding and require a large amount of observing time at 
large telescopes. The diagnostics for NGC 98 is shown in Figure 13. The size of the 
B/P is estimated from the radius of the minimum in the /z 4 -profile, which in this case 
is 0.35 times the bar semi-major axis length. The same diagnostics has been re cently 
applied for ten more face-on barred galaxies by Mendez-Abreu et al, ( 20141) . They 
identified B/P bulges in two additional galaxies, and marginally in three more galax¬ 
ies. In four of these galaxies a dynamically cool central component inside the B/P 
bulge was the only central bulge, without any sign of a dynamically hot classical 
bulge. 


In the above studies long-slit spectroscopy was used. In principle integral-field 
unit (IFU) spectroscopy would be ideal to trace the B/P/X/barlens features, but the 
resolution and the field-of-view have not yet been sufficient for very detailed stud- 
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ies of B/Ps (see the review by Falcon-Barroso in Section 3). So far the largest sur¬ 
vey using IFU spectroscopy is the Atlas^^, in which 260 nearby early-type galax- 
ies, at all galaxy inclinations, have been mapp ed within one effective galaxy radius 
( Cappellari et al. . 2007 : Emsellem et al. . 2011 ). Almost all bulges (86%) were found 
to be fast rotating, which is consistent with the idea that most of the bulge mass in 
the near by galaxies resides in the B/P/barlens bulges, rotating with the underlying 


disk (see iLaurikainen et all 120141) . Most probably due to the limitations of the ob¬ 


servations only a small fraction (15%) of the fast rotating bulges showed signatures 
of B/P-structures, in terms of double peaked rotation curves or twisting isophotes 


(see lKrainovic et al.L 1201 Ih . 


We used the Atlas^^ in the following manner. We picked up all those barred 
galaxies that have eith er a barlens or an X-sha ped structure identified in the im¬ 
ages in the sample by Laurikainen et akl ( 2014 ). and then looked at what kind of 
kinematics the Atlas^^ finds for those galaxies. We found 27 galaxies in common 
between the two surveys (11 with X-shapes, 16 with barlenses). It appeared t hat all 
these galaxies are classified as regular fast rotators in Emsellem et akl ( 2011 ). Half 
of them have ’double humped’ rotation curves, indicative of B/P-structures, but the 
other half has no particular kinematic features of which the vertically thick bar com¬ 
ponents could be identified. It is interesting that the fractions of the double humped 
rotation curves are fairly similar among the galaxies having barlenses and X-shaped 
structures (56% and 36%, respectively), which fractions are much higher than for 
the bulges in the Atlas3D in general. This is consistent with the idea that barlenses 
and B/P bulges are manifestations of the same physical phenomenon. 

From the point of view of galaxy formation, the interpretation of bulges is com¬ 
plicated because internal dynamical effects in galaxies mi ght modify the kinematic _ 

proper ties of bulges. For example, it has been suggested by lSaha. Martinez-Valpuesta & Gerhard 
( 2012h that a small bulge embedded in a bar can absorb angular momentum from the 
bar, with a consequence that an initially n on-rotating classical bulge can transform 
into a cylindrically rotating triaxial object. ISaha & Naabl(l2013h haye also suggested 
that the appearance of B/P bulges might be connected to the properties of dark mat¬ 
ter halos. 


5 Stellar populations of B/P bulges 


Stellar populations of bulges in barred and non-barred galaxies haye been com¬ 
pared using both absorption line-indices and applying stellar population synthesis 
methods, but no clear conclusions are deriyed. Using line-indices for 20 fairly face- 
on early-type barred galaxie s and comparing them with the non- barred galaxies by 


Moorthy & Holzmar 


1 g alaxies 

rir (l 2006 l) . 


Perez & Sanchez-BlazauezI (1201 11) found that bulges 


in barred galaxies are more metal-rich and more a-enhanced than in non-barred 
galaxies. The a-enhancement is associated to rapid star formation eyent, which is 
not expected if bulges formed yia yertical buckling during the formation and eyo- 
lution of bars. Synthetic stellar population methods has been applied for 62 barred 
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and non-barred galaxies by Sanchez-Blazauez et al, ( 20141) . also for fairly face-on 
galaxies. However, no difference in metallicity or age gradients between barred and 
non-barred galaxies were found . A sa mple of 32 edge-on galaxies was studied by 
Jablonka. Gorgas & Goudfrooiil (120071) . and again no difference in the stellar popu¬ 
lations of bulges was found between barred and non-barred galaxies. 

From our point of view critical questions are do the barred galaxies in the above 
samples have B/P/barlens bulges or not, and what was measured as a ’bulge’. For 
the first sample detailed morphological classifica tions exist for 10 galaxie s and it 
appears that even half of those have barlenses in iLaurikainen et al.l (1201 ih . In the 
second sample 11 barred galax ies have detailed classifications, b ut none of them 
have neither B/P nor barlens. In IPerez & Sanchez-Blazauezl(l201 11) the bulges were 
taken to be the central regions of the galaxies, which means also central regions of 
barlenses. In most of the bulges studied by them star forming nuclear rings and spi¬ 
ral arms were detected. In these fairly face-on galaxies the star forming structures 
obviously had a strong impact on the obtained stellar populations and metallicities, 
and do not tell about the ma i n stel lar population of the B/P bulges. It was pointed 
out already bv IPeletier et alJ (l2007h that composite bulges in stellar populations in¬ 
deed exist. And also, that due to dust in the disk plane, the stellar populations and 
metallicities in the edge-on and face-on views are expected to be different. 

Clearly, understanding the different bulge components calls for de tailed studies _ 

of indi vidual galaxies. Based on the analysis of four early-type galaxies ISanchez-Blazauez et al 
( 201 ih showed that most of the stars in bulges are very old, (10 Gyr), as old as in the 
Milky Way bulge. The same is true for bars, in whic h the stellar population ages are 
closer to the bulges than to the disks outside the bars (IPerez. Sanchez-Blazquez & Zurita , 

20091) . The stellar populations of the B/P bulges in 28 edge-on early-type disk 
galaxies (SO-Sb) have been studied by IWilliams. Bureau & Kuntschnen (120121) and 
Williams et al. ( 201 ih . and compared with the elliptical galaxies. They looked at 
the properties both in the central regions, covering the seeing-limited part of the 
boxy bulge, and in the main body of the B/P structures. The central peaks were 
found to have similar old stellar populations and high stellar velocity dispersion as 
in elliptical galaxies. However, the main body of the B/P bulge lacks a correlation 
between the metallicity gradient and <7, which correlation appears in elliptical galax¬ 
ies. Metallicity gradients are easily produced in a monolithic collapse in the early 
universe, and at some level also in violent galaxy mergers. But even the non-barred 
galaxies in their study appeared to have stronger metallicity gradients than the B/P 
bulges of the same galaxy mass. 

In the literature it is often argued that the stellar po pulations of bulges in SO- 
Sbc galaxies are similar to those of the elliptical galaxies (Proctor & SansomL 2002; 


Falcon-Barroso. Bacon & Bureaul 2006 : Mac Arthur Gonzalez J. . & Courted, 2009k 
which similarity breaks only in the later typ e spirals (see Ganda. Peletier & McDermid , 
2007h . However, based on the analysis by Williams. Bureau & Kuntschnej ( 2012h . 
whether the bulges are similar to the ellipticals or not, depends on what do we count 
as a bulge. If we mean the central peaks in the radial flux distributions, then the 
answer is that the bulges indeed are much like the elliptical galaxies, but if we are 
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talking about the main body of the B/Ps, then the stellar populations are different 
from the elliptical galaxies. _ 

An interesting example is NGC 357 ( de Lorenzo-Caceres et al.l 2012 ) for which 
galaxy all critical diagnostics of B/P-structures have been made, including the 
isophotal and stellar population analysis, kinematics, and structural decompositions. 
They found that no single unambiguous interpretation can be given for the bulge. 
The galaxy has two bars, which further complicates the interpretation. This example 
demonstrates that based on the same analysis completely different interpretations 
can be given for the bulge, depending on whether only the central peak, with high 
rotation and (7 drop, is considered as a bulge (i.e., a ’disky pseudobulge’ in our no¬ 
tation), or the larger region with high a is taken to be the bulge (i.e., the classical 
bulge in our notation). In their view, a problem in the first interpretation is that the 
bulge has an old stellar population, generally not accepted for a ’disky pseudob¬ 
ulges’. If a classical bulge is assumed then the problem is the nearly exponential 
surface brightness profile. If the bulge is interpreted as a classical bulge then there 
exists also a cool central disk inside that bulge. 

But for the interpretation of this particular galaxy there exists also a third possi¬ 
bility, namely that there is a boxy bulge and a central cool disk embedded in that. 
In this fairly face-on galaxy no B/P is identified in the isophotal analysis, but the 
galaxy lo oks very much like NGC 4643, in which galaxy a barlens has been recog¬ 


nized (see lLaurikainen et al.Ll2014h . The main bulge with the old stellar population 


and a small Sersic index could simply corresponds to the boxy bulge, which can also 
be dynamically fairly hot. The a drop could be associated to a central cool disk em¬ 
bedded in the boxy bulge. It is worth noticing that the b ulge has similar V-H color as 


the rest of the galaxy, up to the outer radius of the bar (iMartini et al.L 120031) . which 


fits into this interpretation. However, the purpose of this paragraph is not to give the 
’right interpretation’, but rather to demonstrate that not only detailed observations 
are needed to study the bulges, but also the interpretation depends on the current 
understanding of bulges. 


6 Summary and discussion 

Nearly half of the highly inclined galaxies in the nearby universe are found to have 
B/P/X-shape bulges. Barlenses, which appear in more face-on galaxies, are likely to 
be physically the same phenomenon. These structures appear in bright galaxies, in 
a mass range near to the Milky Way mass. Also the other properties of these bulges, 
including morphology (B/P/X-shape), kinematics (cylindrical rotation), and stellar 
populations (old), are similar to those observed in the Milky Way. Cool central disks 
are often embedded inside the B/P/barlens bulges, in which case they are called as 
composite bulges. Barred galaxies with composite bulges can contain also dynami¬ 
cally hot classical bulges, but it is not yet clear to what extent they, in the Milky Way 
mass galaxies, are really dynamically distinct structure components, and to what ex- 
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tent stars wrapped into the central regions of the galaxies during the formation and 
evolution of bars. 

A comparison of the observed properties of B/P/barlens bulges with the simula¬ 
tion models have shown that they can indeed be explained as disk structures, formed 
by buckling instabilities soon after the bars were formed. It is unlikely that any sig¬ 
nificant fraction of B/P bulges were triggered by tidal effects. Independent of the 
exact isophotal shapes, these structures typically cover nearly half of the bar size, 
but can be also smaller or larger than that. Also, recent structural multi-component 
decompositions have shown that most of the bulge mass in these galaxies might 
appear in the B/P/barlens bulges. The exceptions are the boxy structures appearing 
in the most massive (M>10^*Mo) slowly rotating galaxies, which are often ellipti¬ 
cal galaxies (sometimes SOs) in classification. Exceptions are also the ’thick boxy 
bulges’, which might actually be manifestations of thick disks in the otherwise al¬ 
most bulgeless galaxies. 

If we believe that most of the bulge mass in the Milky Way mass galaxies in¬ 
deed appears in the B/P/barlens bulges, it means that the masses of the classical 
bulges must be very small in all Hubble types, even in the early-type disk galaxies 
which are usually assumed to contain most of the baryonic spheroidal mass. If we 
are unwilling to accept this conclusion, then it needs to be explained how the ob¬ 
served morphological and kinematic properties of the B/P/X-shape/barlens bulges 
are created in galaxies. Why is this view then not accepted as a paradigm in the 
astronomical community? Actually, the argument that the B/P bulges form part of 
the bar, has been accepted, but perhaps not the idea that such bar components could 
contain most of the bulge mass in the nearby galaxies. One possible reason for that is 
that the relative masses of bulges are generally estimated from decompositions per¬ 
formed for fairly face-on systems, in which galaxies the massive, round components 
are often erroneously interpreted as classical bulges. 

The explanations discussed for the formation of pseudobulges in this review 
are related to the evolution of bars. A natural question is then what makes the 
bulges in the non-barred galaxies? If barred and non-barred galaxies live in similar 
galaxy environments also the accretion events should be similar, leading to bulge 
masses not too different from each other. The relative masses of bulges in barred 
and non-barred galaxi es are compared f or S^G sample ( Sheth et"^ 201(]h of 2350 
galaxies at 3.6^m by Salo et al. ( 2015 ). For galaxies brighter than M*>10'‘’ Mo 
larger bulge masses were found for barred galaxies {B/T ^0.15 and B/T ~0.09, 
respectively). Since in this study a photometric definition of a ’bulge’ was used 
(excess flux above the disk in the surface brightness profile), this difference most 
probably reflects the fact that in barred galaxies part of the apparent bulge mass 
is associated to the B/P/barlens bulge. There is some observational evidence that 
even in the non-barred galaxies the bulges mig ht have a B/P/barlens ori gin, once 


the thin part of t he bar has been dissolved (see Laurikainen et al.L l2013h . The or¬ 


bital analysis by IPatsis, Skokos & Athanassoulaf i 2002h also predicts that peanuts 
may form even in galaxies without creating any elongated, vertically thin bar com¬ 
ponents. Naturally, there exists also other ways of making pseudobulges in the 
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non-barred galaxies, of which minor mergers ar e one of the most prevalent (see 


Eliche-Moral. Gonzalez-Garcfa & Aguerriil2013l) . 


As a concluding mark we can say that in order to fully understand bulges the 
same formative processes need to be valid both in the edge-on and in face-on views. 
Also, it has become evident that bulges are complex systems so that detailed studies 
of individual galaxies are needed to separate the different bulge components. But 
even in that case, the interpretation always reflects also the prevalent theoretical 
understanding of a bulge, regardless of how sophisticated diagnostics are used. 
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